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Abstract

Background: A number of studies reported major genes/QTLs for rice grain shapes, chalkiness and starch
physicochemical properties. For these finely mapped QTLs or cloned genes to make an impact in practical
breeding, it is necessary to test their effects in different genetic backgrounds. In this study, two hundred nineteen
markers for 20 starch synthesis genes, 41 fine mapped grain shape and related traits QTLs/genes, and 54 chalkiness
QTLs/genes plus 15 additional markers and a large indica population of 375 advanced lines were used to identify
marker-trait associations under 6 environments that can be used directly in breeding for grain quality traits.

Results: The significant associations detected by the QK model were used to declare the usefulness of the targeted
genes/QTLs. A total of 65 markers were detected associations with grain quality trait at least in one environment.
More phenotypic variations could be explained by haplotype than single marker, as exemplified by the starch
biosynthesising genes. GBSSI was the major gene for AC and explained up to 55 % of the phenotypic variation,
which also affected GC and accounted up to 11.31 % of the phenotypic variation. SS/la was the major gene for
chalkiness and explained up to 17 and 21 % of variation of DEC and PGWC, respectively. In addition, RMw513 and
RM18068 were associated with DEC in 6 environments as well. Four markers (RGS1, RM15206, RMw513 and Indel1)
tightly linked to GS3, gw5, and qGL7-2 were the most important ones for grain shapes. Allelic combinations
between SSlla and RMw513 revealed more variations in DEC.

Conclusions: The validated markers for genes/QTLs with major effects could be directly used in breeding for grain
quality via marker-assisted selection. Creating desirable allelic combinations by gene pyramiding might be an
effective approach for the development of high quality breeding lines in rice.
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Background

Rice grain quality, influencing consumer demand and
international trade, is a combination of physical and
chemical characteristics. The growing demand for high
yielding rice coupled with superior grain quality has be-
come more and more urgent in rice breeding (Fitzgerald
et al. 2009; Sreenivasulu et al. 2015). Generally speaking,
grain quality has four major aspects, appearance, cook-
ing, milling and nutrition quality. Preferences for some
of the quality characteristics vary across countries and
regions (Calingacion et al. 2014), but consumers prefer
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rice with uniform shape and translucent endosperm,
therefore appearance quality (head rice, grain shape and
chalkiness) directly affects consumer acceptance (Zhao
and Fitzgerald 2013). Amylose content (AC) is the most
important chemical characteristic determining eating
quality and affecting some physical traits. AC was also
reported to associate with chalkiness in large size of
breeding lines or varieties in some studies (Zhou et al.
2015a, b). Starch granules in the chalky, opaque areas
are loosely packed, and chalky kernels of the same geno-
type has less AC compared with the translucent rice
kernels (Lisle et al. 2000; Patindol and Wang, 2003).
Amylopectin might be involved as well (Ong and
Blanshard, 1995). Amylose and amylopectin are the
two major components of rice grain, which are
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biosynthesized by four major classes of starch synthesis
enzymes, i.e., ADP-Glucose pyrophosphorylase, starch
synthase, starch branching enzymes and starch de-
branching enzymes (Hirose and Terao, 2004; Ohdan
et al. 2005). Grain width (GW) had positive and high
correlation with chalkiness (Adu-Kwarteng et al. 2003;
Raju and Srinivas, 1991; Zhou et al. 2015a). GW also
had the negative effects on AC but positive effects on
gel consistency (GC), while grain length (GL) and length
width ratio (LWR) were positively correlated with AC
but negatively with GC (Xu et al. 2004).

A number of studies reported major genes for starch
physicochemical properties in rice. It is well known that
GBSSI is the major gene responsible for AC and GC
(Cai et al. 1998; Chen et al. 2008; Tran et al. 2011), and
SSlla for gelatinization temperature and amylopectin
chain length distribution (Bao et al. 2006; Umemoto et
al. 2002). Beside these two genes, the roles, functions
and expression patterns of other genes in rice starch bio-
synthesis have also been revealed by mutant or antisense
inhibition analysis (Ohdan et al. 2005; Vandeputte and
Delcour, 2004). Linkage mapping using biparental popu-
lations derived from crosses between genotypes with
contrast phenotypic traits has played a critical role in
dissecting the genetic architecture of grain shape and
chalkiness in rice. About 40 QTLs related to GL, GW,
grain weight and other yield related traits have been fine
mapped (Summarized in Additional file 1: Table S4).
So far a few QTLs for GL and GW have been cloned
(Fan et al. 2006; Song et al. 2007; Weng et al. 2008, Li
et al. 2011). Combinations of two GL and two GW
QTLs produced diverse grain shapes, which provide the
ability to adjust grain size to satisfy different consumer
preferences (Bai et al. 2010). Many QTLs for chalkiness
or related components were also identified (http://
www.gramene.org). A stable QTL for chalkiness, mapped
across four testing locations in two seasons using a
population of chromosome segment substitution lines,
has been fine-mapped within 140 kb (Guo et al. 2011;
Wan et al. 2005). A recent study has identified a gene,
chalk5, which significantly reduces chalkiness in rice
grain (Li et al. 2014). Association mapping has also been
successfully employed to identify marker-trait associa-
tions in rice (Huang et al. 2010; Huang et al. 2015; Zhao
et al. 2010). More recently, some SNPs/InDels of the
starch biosynthesizing genes have been reported as
highly associated with starch physicochemical proper-
ties using waxy rice (Xu et al. 2013) and japonica
breeding lines (Kharabian-Masouleh et al. 2012) and
collections (Tian et al. 2009; Yang et al. 2014). Interest-
ingly, some of the starch synthsis genes were found to
affect not only physicochemical traits but chalkiness for-
mation as well (Kharabian-Masouleh et al. 2012). Similar
study has not yet been reported in indica populations.
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For markers linked to these finely mapped QTLs or
cloned genes to make an impact in practical breeding, it
is necessary to test their effects in different genetic back-
grounds. In this study, we conduct targeted association
analysis in a diverse indica rice population of advanced
breeding lines or released varieties from many irrigated
rice breeding programs in different countries, represent-
ing the diversity within the elite breeding gene pools for
irrigated ecosystem, to test the usefulness of markers on
starch synthesis genes, finely mapped QTLs/genes for
grain shape and chalkiness in breeding. In addition, the
average N fertilizer application per hectare varies greatly
across countries, ranging from 3-4 kg in Lao PDR to
about 180 kg in China (http://www.fao.org/docrep/006/
y4751e/y4751e0k htm). Many studies reported that N
fertilizer application affects rice grain quality such as
milling and nutritional quality because of the adverse
effect on occurrence of imperfect grains (Leesawatwong
et al. 2005; Ning et al. 2009; Perez et al. 1996; Qiao et al.
2011). Our previous study reported that with increasing
N rates, head rice yield (HRY) were improved in the wet
season (WS), and chalkiness was decreased in both sea-
sons. The average HRY was 10 % higher in the dry season
(DS) than in the WS (Zhou et al. 2015a). Therefore, the
stable results from different seasons and nitrogen treatments
might provide valuable information to rice grain quality
improvement using marker-assisted selection (MAS).

Results

Variation of Grain Quality Traits

A total of 392 rice breeding lines were field tested in the
2012 DS and WS of the IRRI headquarters (Los Banos,
Philippines) with 3 nitrogen rates (0, 90 and 180 kg N in
the DS; 0, 45 and 90 kg N in the WS). The nitrogen and
season combinations were designated as DSy, DSnoo,
DSnigor WSno» WSnas and WSyoo. The population
structure of 375 lines was estimated using STRCUTURE
on 53 well amplified SSR markers evenly distributed on
12 chromosomes (Additional file 1: Table S2). The best
value of number of subpopulations was determined by
InP(d) (log posterior probability of data) as described by
Evanno et al. (2005). Based on the membership probabil-
ity, 78, 113, 71 and 113 lines were grouped into Popl,
Pop2, Pop3 and Pop4, respectively. The proportion of
IRRI breeding lines in Popl was 93.59 % (73 of 78),
while it was only 30.09 % in Pop4. Significant differences
among subpopulations were observed for all traits in all
environments except HRY in DSy;159 and WSy and de-
gree of endosperm chalkiness (DEC) in DSyg0 (Table 1).
Pop4 had lower AC, DEC, GC, GL, LWR and percentage
of grain with chalkiness (PGWC), and higher GW than
other subpopulations, while the Popl had the highest
GL and LWR, and the lowest GW in all the 6 environ-
ments. Popl was higher in DEC and PGWC, and lower
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Table 1 Average trait values for eight grain quality traits of four subpopulations of an indica rice population in six environments

Trait Subpopulation DSno DSnoo DSniso WSno WSna4s WS90
AC Pop1 22.84ab 22.84ab 22.61a 22.84ab 22.10ab 22.88a
Pop2 23.48a 23.55a 23.01a 23.17ab 22.87a 22.98a
Pop3 2343a 23.52a 2293a 2346a 22.55ab 2281a
Pop4 21.99b 22.04b 21.50b 21.98b 2139 21.54b
DEC Pop1 26.85a 17.67a 11.03a 30.72a 25.19a 20.01a
Pop2 23.28a 17.85a 11.00a 2631b 2143ab 18.17ab
Pop3 23.83a 17.34a 11.76a 26.90ab 2191ab 21.61a
Pop4 17.72b 13.42b 9.3% 1991c 19.42b 15.89b
GC Pop1 83.99ab 85.80a 86.94a 88.10a 80.49% 81.73a
Pop2 79.19b 81.29a 82.05a 82.86b 78.01ab 74.86b
Pop3 85.90a 85.2% 87.27a 88.03a 82.28a 81.03a
Pop4 73.04c 75.27b 74.36b 76.81c 74.30b 74.64b
GL Pop1 6.71a 6.71a 6.79a 6.75a 6.79a 6.81a
Pop2 6.56b 6.57b 6.66bc 6.62bc 6.67bc 6.68bc
Pop3 6.65a 6.67a 6.75ab 6.69ab 6.72a 6.74ab
Pop4 6.52b 6.54b 6.58¢ 6.57¢C 6.63C 6.63C
GW Pop1 2.04c 2.03c 2.04b 2.02b 2.04b 2.05b
Pop2 2.10b 2.09ab 2.08b 2.06b 2.07ab 2.08ab
Pop3 2.07b 2.06bc 2.07b 2.05b 2.08ab 2.09ab
Pop4 2.15a 2.13a 2.14a 2.09a 2.11a 2.12a
HRY Pop1 5148b 52.36b 55.02a 3847b 42.29b 44.32a
Pop2 53.25b 54.49ab 54.66a 43.27a 44.35ab 43.3a
Pop3 56.60a 55.50a 57.05a 41.8%b 47.05a 45.32a
Pop4 57.88a 56.66a 56.80a 42.07a 46.21a 45.53a
LWR Pop1 3.30a 3.32a 334a 3.36a 3.35a 3.34a
Pop2 3.14bc 3.15bc 3.22bc 3.23bc 3.24b 3.22bc
Pop3 322b 3.24ab 3.27ab 3.28b 3.24b 3.24b
Pop4 3.07¢c 3.10c 3.10c 3.17¢ 3.17b 3.15¢
PGWC Pop1 89.31a 70.15a 51.17a 89.80a 84.76a 74.06ab
Pop2 76.31b 65.81a 46.45ab 78.50b 72.48bc 67.87b
Pop3 81.21ab 71.17a 5142a 86.07ab 77.69ab 7871a
Pop4 61.89¢ 54.06b 4044b 68.44c 66.19¢ 58.70c

Different letters in the same column indicate the difference was significant at P < 0.05
AC amylose content (%), DEC degree of endosperm chalkiness (%), GC gel consistency (mm), GL grain length (mm), GW grain width (mm), HRY head rice yield (%),
LWR ratio of grain length to width and PGWC percentage of grain with chalkiness (%)

in HRY in some environments. Pop2 had the highest AC
in 5 environments (Table 1).

Number of Markers Associated to Grain Quality Traits

A total of 79, 52, 68, 65, 64 and 42 significant marker-
trait associations were identified for the eight traits using
the QK (a mixed linear model adjusting for both popula-
tion structure (Q) and genetic relatedness between
genotypes (K)) model under DSyo, DSnoo, DSnisos
WSno» WSnas and WSy respectively (Table 2). More
significant marker-trait associations were detected in NO

than in N90 for both of the DS and WS. N90 also had
the lowest number of significant marker-trait associa-
tions in both seasons. For instance, about two times
more significant associations were identified for DEC
and GW in WSy than in WSy9o. Such dramatic reduc-
tion was also observed for GC in DS. However, the
numbers of significant associations for AC and PGWC
varied less across the three nitrogen levels in both seasons.
A total of 69 significant associations were detected for
DEC, while only 18 for HRY (Table 2). The number of
associated markers for each trait ranged from 10 (AC) to
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Table 2 The number of markers associated with eight grain
quality traits detected using QK model

Trait DSvo  DSweo  DSwiso WSwo  WSwas  WSweo  Subtotal
AC 4 4 7 5 5 5 30/10
DEC 9 9 9 16 20 6 69/29
GC 23 9 5 5 6 4 52/28
GL 9 7 15 11 9 4 55/16
GW 8 7 9 8 6 2 40/12
HRY 3 1 1 1 0 12 18/16
LWR 15 8 14 129 5 63/20
PGWC 8 7 8 7 9 4 43/14
Subtotal 79 52 68 65 64 42 370/65

Trait abbreviations are as in Table 1

Markers with a significant marker-trait association are reported at q™PR<0.05
Data before and after “/” represent number of total associations and number
of markers associated in all 6 environments respectively

29 (DEC), in total 65 markers were associated with trait at
least in one environment. No marker was significantly
associated with HRY in all the six environments. For the
other seven traits, at least two marker-trait associations
were commonly detected across environments (Additional
file 1: Table S7).

Markers Associated with AC and GC

A total of 10 markers were significantly associated with
AC in at least one of the six environments using the QK
model (Table 2; Additional file 1: Table S7). Six of the 10
markers were on five starch biosynthesizing genes,
GBSSI, SSlla, ISA2, SSI and SSIIIb (Additional file 2:
Figure S1). Three markers (RM111, RM204 and
RM3414) were not on starch biosynthesizing genes but
located between GBSSI and SSIIa on Chr06. In addition,
one marker (RM21945) was on Chr07. Among these 10
markers, four markers were identified in three or more
environments (Table 3; Additional file 1: Table S7).
GBSSI-1-IF accounted for 34.36 ~ 44.55 % of the pheno-
typic variance with ¢g"°% value ranging from 5.20 x 107%°
to 3.05x 107 across environments. GBSSI-4-IF could
explain more than 18.00 % of the phenotypic variance.
RM111 explained for 3.94~5.62 % of the phenotypic
variance. SSIla-IF was explained less than 4 % of the
phenotypic variance.

A total of 28 markers were associated with GC
(Table 2; Additional file 1: Table S7). Among them,
twenty two markers were located on nine starch bio-
synthesizing genes or very close to these genes (less than
2 Mb in physical map) (Additional file 2: Figure S1).
Only five markers were associated with GC in three or
more environments (Table 3; Additional file 1: Table S7).
GBSSI-4-IF had the strongest association and accounted
for 3.53 ~10.94 % of the phenotypic variance in all the
six environments (Table 3). Three markers of the SSIla
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gene (SSIIaSNP2, SSIla-IF and SSIla-F) explained 2.61 ~
6.03 % of the variance in five or six environments.
RM204, a SSR marker between GBSSI and SSIla, was
associated with GC in three environments and explained
about 5 % of the variance.

Markers Associated with Grain Shapes

A total of 16 markers were significantly associated with
GL in at least one of the six environments (Table 2;
Additional file 1: Table S7). Among them, 10 markers
were associated with GL at least in three environments
(Table 3). RGS1, an InDel marker on GS3 gene, had the
strongest association with the ¢"°" value ranging from
1.70 x 107" to 1.30x 107" and accounted for 11.27 ~
3241 % of the phenotypic variance across the six
environments. RM15206, another marker closed to GS3
also associated with GL in all the six environments.
RM5436.2 and RM5499, two flanking markers for Ghd?7,
were highly associated with GL in six and five environ-
ments, respectively. Two markers on GBSSII (GBSSII-F
and GBSSII-IF) were identified association with GL in
five environments but with small effects. SSI-2-IF, RM16
and RM18751 were associated with GL in four environ-
ments. RMw513, a marker for gw5, GS5 and gGWS5, was
associated with GL in three environments. The other six
markers only associated with GL in one or two environ-
ments with relatively small effects (Additional file 1:
Table S7).

Twelve markers associated with GW were detected
(Table 2; Additional file 1: Table S7). Among them, 8
markers were associated with GW at least in three envi-
ronments (Table 3). RGS1 and RMw513 accounted for
more than 5 % of the phenotypic variance across the six
environments. Indell, RM21945, RM21950, SSI-2-IF,
RM21964 and RM18360 with small effects were detected
in three to five environments (Table 3).

Twenty markers were associated with LWR in at least
one of the six environments (Table 2; Additional file 1:
Table S7). Among them, 11 markers were identified in
three or more environments. RGS1, RMw513, Indell
and RM15206 associated with LWR in all the six envi-
ronments. RGS1 had the strongest association and
accounted for 8.74 ~ 23.60 % of the phenotypic variance
with ¢"™°® values of 2.44 x 1071~ 1.26 x 10™°. RMw513
also had strong effect and explained more than 6.75 % of
the phenotypic variance. RM21945, RM21950 and
RM5436.2 were associated with LWR in four environ-
ments and accounted for more than 5 % of the pheno-
typic variance. Other four markers, SSI-2-IF, RM5499,
GBSSII-F and RM16 were associated with LWR in three
or four environments with small effects. Additional nine
markers associated with LWR in one or two environ-
ments were listed on Additional file 1: Table S7.
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Table 3 Marker loci associated with grain quality traits commonly detected using QK model
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Trait

Marker

DSno

DSnoo

DSN180

WSno

WSnas

WSnoo

AC

GC

GL

GW

LWR

DEC

GBSSI-4-IF
GBSSI-1-IF
RM111
SSlla-IF
GBSSI-4-IF
SSlla-IF
SSIlaSNP2
SSlla-F
RM204
RGS1
RM5436.2
RM15206
GBSSII-F
GBSSIIHIF
RM5499
RM16
RM18751
SSI-2-IF
RMw513
RGS1
RMw513
Indell
RM21945
RM21950
SSI-2-IF
RM21964
RM18360
RGS1
RMwS513
Indel
RM15206
SSI-2-IF
RM21945
RM21950
RM5436.2
RM5499
GBSSII-F
RM16
SSlla-F
SSlla-IF
SSIlaSNP2
RMw513
RM18068

220%107°/0.2218
1.13x 1072%/0.4087
1.66 X 1072/0.0448

411 % 1077/0.0962
3.01 % 1074/0.0523
3.01 x 107400459
3.01 x 107/0.0603
964 % 1071/0.0574
1.70x1072'/0.3241
154 107%/0.0967
297 x 107°/0.0793
2,59 1073/0.0408
571x107°/0.0416
448x1073/0.0593
5.71%107/0.0550

748%1073/0.0311
2.89 x 107%/0.0488
428%107°8/0.1211
1.58 % 1071/0.0898
1.81 % 107%/0.0651
6.60% 107/0.051

139% 107%/0.0705
1.17 X 1072/0.0304
7.21 % 1073/0.0494
1.17 % 1072/0.0382
244x107'%/0.236
6.58 % 1074/0.0759
127 x107°/0.0811
6.62 % 1074/0.0537
2.26 % 107°/0.0365
169 % 107/0.0548
1.07 X 107%/0.0667
6.12x 107/0.0629

476x107%/0.0175
134 x 107%/0.0463
6.08x 1077/0.1061
324%107%/0.1223
491 % 1077/0.0905
1.98 % 107%/0.0501
464 x107%/0.070

7.95%107'°/0.2186
5.11x 107%8/0.4455
6.58x1073/0.0513
3.88 % 1072/0.0328
409 % 1077/0.1094
2.26%107°/0.0516
2.26 % 107°/0.0439
175X 1072/0.0447
2.95 % 1072/0.045
4.44x107"'3/0.2000
8.15x 107°/0.105
291x107°/0.0518
4.15%107/0.0393
1.05 x 1072/0.0412
6.23%x107%/0.1098
3.64 % 1072/0.0459

2.09x107%/0.0679
460% 107%/0.0839
132x107%/0.0739
299% 107°/0.0572
132x107%/0.073

164 % 1072/0.045

227%107°/0.1433
507 x 107°/0.0673
160 % 107/0.0722
1.12x107%/0.0408

589% 107/0.0525
832 x 107%/0.0603
136 x107°/0.0834
1.52x107%/0.0513

1.39%107%/0.0791
139x107%/0.0737
2.17x107%/0.0552
282 107%/0.0847
3.27%107%/0.0755

6.08x 107'7/0.2497
198 107%/0.4114
1.02 x 107%/0.0493
3.83% 107%/0.033
2.85x 107%/0.0353
235%107°/0.0528
1.69 x 107%/0.0475
1.66 X 107%/0.0474

127 x1077/0.2617
9.17%1077/0.1282
247 % 107°/0.0842
9.17 x 1077/0.0853
168 x 1075/0.0884
201 x107°/0.1036
1.26 X 1072/0.0449
126 X 1072/0.0327
2.74x107/0.0342
2.74%107°/0.0618
896 x 1077/0.1046
192x107%/0.1216
1.58 % 1072/0.0551
6.13%x1073/0.0518
544 % 107°/0.0465
1.29x 1072/0.0303
1.29 % 1072/0.0389
143 x107%/0.0373
944 % 107'/0.1892
245x107°/0.1053
6.99 x 107°/0.0728
2.38 % 107%/0.0642
2.27 x107°/0.0386
141 % 1073/0.0605
2.26 % 107°/0.0483
191 x 1073/0.0765
2.58 % 107/0.0434
43%1072/0.0347
3.87 x 1072/0.0404
538 107°/0.0896
2.88 % 1074/0.0626
1.88 % 107%/0.0588
381 % 1074/0.0806
1.16 X 1072/0.0503

722 1078/0.2552
520 % 1072%/0.4434
2.83% 107°/0.0531
161 x107%/0.0343
3.93x 107°/0.0704
193 x 107%/0.0346
1.93 % 107%/0.0261
328 1072/0.0344

344 % 107'8/0.2695
158 % 107°/0.1111
3.89% 1077/0.1042
167 % 1074/0.0539
5.23 % 107%/0.0555
948 % 107°/0.0841
8.32%107°/0.0503
142 1072/0.0341
515x 1073/0.0323
1.83 % 1073/0.067
3.53%x1077/0.1087
157%107%/0.1213
2,98 x 107°/0.0498
7.37 x 1073/0.0506
298x107/0.0511
127 X 1072/0.0299

891 x 107/0.0407
3.84 % 107%/0.206
521%107%/0.1132
409x107%/0.060

9,68 % 107/0.0827
246 % 107/0.0376
246 % 1073/0.0534
1.04 % 1073/0.0535
246 107°/0.0728
148 % 1072/0.0482
2.35 % 1072/0.0240

592x1077/0.1066
184 x107'°/0.1535
1.19x10°%/0.1121

1.52x 107%/0.0529
1.15x107/0.0814

111 x107%/0.1809
335x% 1072%/0.3643
347 x 107°/0.0562
350% 1072/0.0328
570 107°/0.0762
1.50 X 107%/0.0343
753% 107°/0.0347

127 x107%/0.0503
471x107'%/0.1752
3.13x107%/0.0539
1.24 X 107%/0.0549
138 % 107%/0.0306
3.13x 107%/0.0306
2.10% 107%/0.047

1.65% 1072/0.0368
647 x 107/0.0355

567 % 107°/0.0733
567 x 107°/0.0985
2,99 % 1072/0.033

2.89 % 1072/0.0263

113 x107°/0.1402
9.74x 107%/0.0781
420 107%/0.0441
282 1073/0.0485
404 x107°/0.0367

873 % 107°/0.0867
1.65 % 1075/0.0901
165 % 1075/0.080

244x107%/00412
479%107%/0.0282

250 % 107%/0.2014
3.05 % 10723/0.3436
2.53 % 107/0.0394
3.26 X 1072/0.0307
234%1073/0.0515
2.26 % 1073/0.0539
2.26 X 107/0.0453
132X 1072/0.0471

130%1077/0.1127
261 % 1072/0.0609
261 x1072/0.0348

261 % 1072/0.0341

495 % 1073/0.0498
831x1074/0.0857

1.26 X 107°/0.0874
465 % 107/0.0705
413x107%/0.0334
2.19% 107%/0.0395

413x107%/0.0454
1.55 % 107°/0.0888
140 x 1078/0.1297
864 x1077/0.0894
416 X 107%/0.0489
343 107%/0.0455
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Table 3 Marker loci associated with grain quality traits commonly detected using QK model (Continued)
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GBSSIF1-F 367 x107°/00849 547 x 1072/0.0402
GBSSI-3-IF 474 107%/00545 277 x 107%/0.0292
RI02451 825x107%/00507 340 x 10°/0.0444
PGWC  SSlla-F 822x107°/0.1277 411 x1075/0.0993
SSlla-IF 188x107'%/0.1761 149 x1077/0.1141
SSIaSNP2  294x107'9/0.1288 149 x 1077/0.1003
GBSSI1-F  1.01x107°5/0089  3.13x 1072/0.0337
GBSSI-3-IF  1.81x107%/00583 460 x 1072/0.0308
RM18068  829x1073/0.0486  2.72x 107*/0.0781
RGS1 9.21x 10/0.0351
RI02451  803x107/0.0371  4.93x107°/0.045

6.33 % 1074/0.069

6.63x107°/0.0779

6.63 x 107°/0.0657

3.52 % 107°/0.0622

401 x1072/0.0302

1.02x 107%/0.0528
1.52 x 107%/0.0346
1.01 % 107%/0.0386
504 % 107°/0.1323
299 107'3/0.1896
958x 107'1/0.1347
448 x107°/0.0689
223x107%/00316
360% 107°/0.0553
1.97 X 107%/0.0462

516 x 107°/0.0379
946 % 107°/0.033

461x107%/0.0525
3.83% 107%/0.0957
6.11% 10°%/0.1171
480% 1077/0.0897
857 x 107°/0.0409
4.28 % 107%/0.0284

3.72 % 1072/0.0304

808 x 1074/0.0561

135x1077/0.1162
1.17x107'°/0.1575
7.79%107°/0.1152
2.22x107%/0.0625

Markers associated with single trait more than 3 times using QK were presented on this table

The number before and after “/” represent g value and R? respectively. Markers with a significant marker-trait association are reported at g% < 0.05. R? indicates

the percentage of the total variation explained by each locus
Trait abbreviations are as in Table 1

Markers Associated with Chalkiness and HRY

Twenty nine markers were detected to be associated
with DEC (Table 2; Additional file 1: Table S7). Among
them, twenty one markers were very close to (less than
2 Mb) 26 known QTLs/genes regions for chalkiness
(Additional file 2: Figure S1). Markers for the other 28
known QTLs/genes for chalkiness did not show signifi-
cant associations with DEC. Eight markers were signifi-
cant for DEC in three or more environments (Table 3).
Three markers of SSIla (SSIITaSNP2, SSIIa-IF and SSlla-
F), explained 5.52 ~15.35 % of the phenotypic variance
across the six environments (Table 3). In the SSila
region seven QTLs for chalkiness had been reported.
Two markers on GBSSI (GBSSI-1-IF and GBSSI-3-IF),
which is also close to the seven chalkiness QTLs, were
highly associated with DEC as well. RMw513 and
RM18068, linked to chalkS, were also associated with
DEC and explained more than 5 % of the phenotypic
variance in most environments. RI02451 located to the
region of three QTLs for chalkiness was associated with
DEC in four environments. Other 21 markers only
associated with DEC in one or two environments with
relatively small effects (Additional file 1: Table S7).

Fourteen markers were highly associated with PGWC
(Table 2; Additional file 1: Table S7). Among them, eight
markers were significant for PGWC in three or more
environments (Table 3). Three markers on SSlla,
SSIIaSNP2, SSlla-IF and SSIla-F, could explain 6.57 ~
18.96 % of the phenotypic variance in the six environ-
ments. GBSSI-1-IF, GBSSI-3-IF, RM18068, RGS1 and
RI02451 were associated with PGWC in three to five
environments with relatively small effects.

Sixteen markers were significantly associated with
HRY (Table 2; Additional file 1: Table S7). No significant
association was identified for HRY in three or more
environments (Additional file 1: Table S7).

Association Mapping using Haplotypes of the Starch
Biosynthesizing Genes

Haplotype-based association analysis was conducted for
the 15 starch biosynthesizing genes. Eight of the 15
genes were found to be associated with at least one trait
in one environment. Four genes had strong associations
with at least one trait in three or more environments
(Table 4). GBSSI had very large effect on AC in all the
six environments and explained up to 55 % of the
phenotypic variation. It also had sizeable effect on GC in
all environments and accounted for 4.25 to 11.31 % of
the phenotypic variation. The effect of GBSSI on chalki-
ness was large as well, accounting for 4.85 ~ 9.53 and
5.15~10.34 % of the phenotypic variation on DEC and
PGWC, respectively. SSIla had a large effect on chalki-
ness in all the six environments and accounted for
1041 ~17.05 % (9.33~21.10 %) of the phenotypic
variation of DEC (PGWC). SSIla also affected AC and
explained 7.45 ~ 12.74 % of the phenotypic variation in
the six environments. GBSSII had small effect on GL in
five environments and explained up to 8.84 % of the
phenotypic variation. SS/Vb had small effect on DEC in
three environments.

Allelic Effects

Figure 1 gave the allelic effects of the major markers
identified using the QK model in DSy, Allelic effects in
other 5 environments were given in Additional file 1:
Table S8. Average AC value of genotypes carrying
GBSSI-1-IF allele 1 was higher than that of genotypes
carrying GBSSI-1-IF allele 2 in all subpopulations with
the largest difference being about 10 % observed in Pop4
(Fig. 1a). Allele 1 of RGS1 caused shorter and wider
grain with larger LWR in Pop2 and Pop4 (Fig. 1b). The
allelic effects of RGS1 alleles were not estimated for the
Popl and Pop3, since only one allele was present in
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Table 4 Genes associated with eight grain quality traits commonly detected using haplotype-based association analysis with the QK

model
Gene Trait DSNO DSN9O DSN'\SO WSNO WSN45 WSNQO
GBSS! AC 2211072 144x107%° 1541028 6.85x 1072 1.09%107%° 141 %1072
04921 0.5309 0.5037 0.5517 04396 04323
DEC 281x10™ 0.0229 1.78x107° 876x 1072 00142
0.0953 0.0485 0.0689 00521 00578
GC 717 %107 926%107° 0.0100 255%x 107 602x107* 00132
0.1131 01117 0.0425 0.0772 0.0805 00577
PGWC 427x107° 575%x107% 00261 211%107°
0.1034 0.0744 00515 0.0690
GBSSII GL 571%x107 00105 168x107° 523x 107" 00313
0.0416 0.0412 0.0884 0.0555 0.0306
SSlla AC 926% 107> 636107 992%107* 147107 0.0275 130%107°
0.0842 0.0880 0.1022 0.0938 0.0745 0.1274
DEC 6.08x 1077 334x107* 289%107* 445%x1078 188107 131%107°
0.1521 0.1052 0.1081 0.1705 0.1041 0.1497
PGWC 346x107"° 163%107° 322x107° 958x 107" 141 %107 1.18% 1078
0.1978 01311 0.0933 02110 0.1269 0.1809
SSIVb DEC 1.13%x1072 530% 107> 283x1072
0.0422 0.0497 0.0292

Trait abbreviations are as in Table 1

The data in upper and below row in each trait represent ™%

Popl and one of the two alleles was carried by only one
genotype in Pop3. Allele 1 of the GBSSI-4-IF decreased
GC in all the four subpopulations (Fig. 1c) with the
difference ranging from 12.36 to 18.36 mm, although the
result for Pop3 was not given due to the very small
number of genotypes carrying one of the alleles. The
allele 1 of SSIIa-IF decreased DEC and PGWC in all the
four subpopulations (Fig. 1d). The difference was more
than 11 and 25 % for DEC and PGWC, respectively.
Similar pattern for each trait was observed in the other
five environments (Additional file 1: Table S8).

The pyramided effects of selected markers for different
genes (listed in Table 3) were also investigated. However,
some of the allelic combinations of the two genes
(markers) for a single trait were not available in most of
the subpopulations. Figure 2 was the effects of RMw513
and SSIIa-IF on DEC in Pop4 (Fig. 2). After removal of
rare alleles, five alleles of RMw513 were used. For all the
five RMw513 genotypes, lines carrying the allele 1 of
SSIIa-IF had the lowest DEC. For the two SSIla-IF geno-
types, lines carrying the allele 3 of RMw513 had the
highest DEC while those carrying the allele 5 had the
lowest DEC (Fig. 2). SSIIa-IF and RMwb513 was ex-
plained 16.41 and 20.80 % of phenotypic variation in
Pop4, respectively, while combinations was accounted
for 34.86 % of variation.

and R? respectively

Discussion

Among the 20 starch biosynthesizing genes, GBSSI had
the largest effect on AC (Tables 3 and 4). Indeed, the
SNPs on the first intron/exon junction site (GBSSI-1-IF)
had the largest effects (Fig. 1a; Table 3; Additional file 1:
Table S8). This finding was consistent with previous
studies (Chen et al. 2008; Tian et al. 2009). SSI, SSlla,
SSIIb and ISA2 were also associated with AC in the
present study (Additional file 1: Table S7; Additional
file 2: Figure S1). SSIla-AC association was detected in
five environments, indicating that its effect on AC was
relatively stable across environments. SSI, SSIlla and
SS81Va have been reported to affect AC in different pop-
ulations (Kharabian-Masouleh et al. 2012; Yang et al.
2014), although there was no direct evidence showing
these three genes are involved in amylose synthesis. It
has been reported that SSI, SSIla and SSIII contributed
to the synthesis of very short chains, the elongation of
A and B1 chains and the formation of long B1 and B2
chains of amylopectin, respectively (Nakamura, 2002;
Umemoto et al. 2002; van de Wal et al. 1998), suggest-
ing amylopectin chains are the primers for amylose for-
mation. GBSSI-4-IF had also strong association with
GC. This was consistent with previous studies showing
that ‘C/T” SNP on exon 10 was important in determin-
ing whether cooked rice with high AC is soft or firm



Zhao et al. Rice (2015) 8:29

Page 8 of 13

Popl Pop2 Pop3 Pop4

1207

(7]

1001

~380
=

Eg0r
@]
@40_

207

0

Popl Pop2 Pop3 Pop4

PGWC (%) (red)
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textured (Tian et al. 2009; Tran et al. 2011). SSIla was
associated with GC across the six environments in
present study, which is consistent with previous study
(Yang et al. 2014).

Strong associations between SSIIa and chalkiness were
found by the single marker based analysis and the haplo-
type based analysis (Tables 3 and 4). More phenotypic
variation could be explained by differences in haplo-
types. Many studies have revealed the effects of SSIia,

60r

50F

40

307

DEC (%)

201

10r

0 SSIIa-IF allelel SSIla-IF allele2

Fig. 2 Effects of allele combinations between SSlla-IF and RMw513
on DEC (%) in Pop4. Different colours represent 5 different alleles of
RMw513, respectively

especially the GC/TT SNPs (SSIla-IF) of exon 8, on
gelatinization temperature, cooking time and cooking
quality (Bao et al. 2006; Cuevas et al. 2010; Umemoto
and Aoki, 2005). All three loci of the SSIla gene, 9 bp
deletion on 5-UTR (SSllIa-F), GC/TT SNPs (SSlIa-IF)
and G/A SNP (SSIIaSNP2), were associated with DEC
and PGWC in all the six environments (Table 4). The
phenotypic variation explained by SSIla haplotype was
about twice of that by GBSSI in our indica population.
In addition, association between SSIIaz and chalkiness
was also reported in previous study using a panel of ja-
ponica advanced lines (Kharabian-Masouleh et al. 2012).
Furthermore, chalkiness of RNAi-repressed SSila lines
was increased significantly, from 11.4 + 1.2 % (Wild type)
to 284+5.1 %, since the transgenetic kernels always
contained white bellies or white backs and seed weight
was decreased as well (Zhang et al. 2011). Therefore,
SSIla might be one of the important starch biosynthesiz-
ing genes for developing low chalky rice. Highly signifi-
cant associations between GBSSI and DEC and PGWC
were identified respectively in five and four environ-
ments by the haplotype analysis (Table 4). QTLs for
chalkiness components were previously mapped to the
GBSSI region using different mapping populations
derived from indicalindica or indicaljaponica crosses
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(Peng et al. 2014; Tan et al. 2000). AC and chalkiness
was negatively correlated in the population used in this
study, and a strong negative correlation between AC and
chalkiness was also found in a population of 238 newly
released indica varieties in China (Zhou et al. 2015a, b).
Therefore, it appeared that GBSSI might be important
for improving appearance quality in indica rice. How-
ever, the association between GBSSI and chalkiness was
not identified in a population of 233 Australian japonica
rice breeding lines (Kharabian-Masouleh et al. 2012).

AGPS1, AGPS2, APGL2, BEI, BElla, ISA1, SSIIb, SSIIc,
SSIlla and SSIVa, did not affect the eight traits in the
present study (Additional file 2: Figure S1). SSIIb is
mostly expressed in leaf and sheath, and therefore does
not have effects on grain quality traits (Hirose and
Terao, 2004). Studies using mutants or antisense inhib-
ition demonstrated that SSI/la and ISA1 was involved in
determining rice quality and structure of endosperm
amylopectin, respectively (Fujita et al. 2007; Kawagoe et
al. 2005; Nishi et al. 2001). However no significant asso-
ciation was found in the present study. It might be that
the total deficiency of the enzyme activity in mutants or
antisense inhibition plants caused much more dramatic
changes in starch granule structure and resulted in
significant effect on grain quality. The differences between
natural alleles of the SSIIla and ISAI present in our popu-
lation might be too small to be detected. Ohdan et al.
(2005) reported that SSIVa is at low transcript level at the
early stage of grain filling and further decreases to a basal,
barely detectable level, throughout the rest of grain devel-
opment. Therefore, SS/Va may not have significant contri-
bution to the phenotypic variation of quality traits related
to mature grains (Ohdan et al. 2005).

Among the 80 markers tightly linked to the 41 fine
mapped QTLs or cloned genes related to grain shape or
yield, only 10 markers for 12 genes/QTLs were found to
associate with grain shape traits in at least one environ-
ment (Additional file 1: Tables S4 and S7; Additional
file 2: Figure S1). The effect of GS3 on grain length has
been extensively studied (Fan et al. 2006; Wang et al.
2011). Among the 6 markers tested for GS3, RGS1 was
associated with GL, GW and LWR in all the six envi-
ronments. RM15206 was associated with GL, GW and
LWR in six, two and six environments, respectively
(Additional file 1: Table S7). Therefore, RGS1 could be
used to screen for grain shape. For Indell and
RM21945, the two flanking markers of gGL7-2, 11 and
9 associations were detected for the three grain shape
traits, implying that gGL7-2 is very important to con-
trol grain shape in rice as well (Shao et al. 2010). The
gw5 gene is an important QTL controlling GW and
LWR (Li et al. 2011; Wan et al. 2008; Weng et al.
2008). Among the eight markers for gw5, only RMw513
showed significant associations with GW and LWR in
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all the six environments. RMw513 was also highly associ-
ated with DEC, which might partially explain the signifi-
cant positive correlation between GW and DEC in some
genetic essence (Zhou et al. 2015a). RMw513 could be
used in MAS for developing slender grain and low chalki-
ness. GIF1 is responsible for grain weight reduction in rice
(Wang et al. 2008). Two markers tightly linked to GIFI,
Y48 and RM16942, were in association with grain shapes
in some of the testing environments. RM20201, one of the
three markers tightly linked to gw6, was found in associ-
ation with GL in one environment. In addition, two flank-
ing markers of Gdh7, RM5346.2 and RM5499, were highly
associated with grain shape. The association between
RM5346.2 and GL was significant in all the six environ-
ments with the R” ranging from 0.0539 to 0.1282, suggest-
ing it could be used for GL improvement (Table 3). No
association was detected between the 25 markers for the 6
QTL clusters related to grain shapes on Chr01, Chr02,
Chr03, Chr07, Chr08 and Chr09 (Additional file 1:
Tables S4 and S7; Additional file 2: Figure S1). Indeed,
18 markers were not polymorphic or did not have
enough number of lines carrying the rare allele. High
density markers are required to test the effects of these
QTLs or genes in the present population.

Seventy six makers for the 54 QTLs/genes for chalki-
ness reported in 17 published papers were used in the
present study (Additional file 1: Table S5). Only 30
associations were found in all the six environments.
RM18068 and RI02451 linked to the QTL clusters on
Chr05 and Chr01, contributed six (four) and four (three)
significant associations with DEC (PGWC) with small R?
value, respectively (Table 3; Additional file 1: Table S7;
Additional file 2: Figure S1). Chalkiness is a complex
trait and the reported QTLs are distributed on almost all
twelve chromosomes (Additional file 1: Table S5). Fur-
thermore, many of these QTLs were identified using pri-
mary mapping populations derived from indicaljaponica
crosses. Some of the QTLs were mapped using sparse
RFLP markers (Ebitani et al. 2005; Terao et al. 2004;
Zhou et al. 2009). We randomly selected two or more
SSR markers in the QTL region to track the target QTL
mapped using RFLP markers. However, 41 markers were
not useable in association analysis because of low poly-
morphism in our population. In addition, chalkiness is
very susceptible to environmental conditions such as
temperature, fertilizer and humidity, which might be an
important reason why only a few associations were iden-
tified using published markers (Fitzgerald et al. 2009;
Yamakawa et al. 2007; Zhao and Fitzgerald, 2013; Zhou
et al. 2015a). Markers on GBSSI and SSIia, tightly linked
to seven known QTLs for chalkiness, were detected to as-
sociate with DEC and PGWC (Tables 3 and 4; Additional
file 1: Table S3). RMw513, a marker for gw5, was in strong
association with DEC in all the six environments (Table 3;
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Additional file 1: Tables S4 and S5). RGS1, a major marker
for grain size, was associated with PGWC in 3 environ-
ments. Above results indicated that chalkiness is not only
affected by starch biosynthesising genes but also genes
related to grain shapes.

GBSSI and SSIla were strongly associated with AC, GC,
DEC and PGWC in the present study (Tables 3 and 4;
Additional file 2: Figure S1). This result might partially ex-
plain the negative correlation between AC and chalkiness
although there is no direct evidence showing that AC con-
tributes to the occurrence of endosperm chalkiness (Zhou
et al. 2015a, b). RMw513 for gw5 was strongly associated
with grain shape traits and DEC. RM18751, a marker for
chalkiness QTL, was highly associated with GL (Table 3;
Additional file 1: Tables S5 and S7). These detected
associations provided a genetic explanation of the re-
ported correlation between grain shape and chalkiness
(Adu-Kwarteng et al. 2003; Raju and Srinivas, 1991; Zhou
et al. 2015a). The pleiotropic effects of these genes might
be explored for the purpose of improving eating and phys-
ical quality simultaneously.

Except GBSSI for AC, SSlla for DEC and PGWC,
RGS1 for GL and LWR, other marker-trait associations
only explained less than 15 % of the phenotypic variation
of a trait, indicating that accumulating desirable alleles
of multiple genes is necessary for achieving sizable im-
provement. When multiple genes are stacked together
the interactions between genes will play an important
role in determining trait performance of the pyramided
lines (Ye and Smith, 2010). Although not studied sys-
tematically, interactions between some of the genes were
present in the present study. For instance, the average
DEC of Pop4 was 17.72 %, but DEC of two subsets with
SSIIa-IF allele 1 and 2 in Pop4 was 12.95 and 26.67 %,
respectively (Table 1; Fig. 2). In the two genotype groups
of the SSIIa-IF, lines with RMw513 allele 5 had average
DEC value more than 40 % lower than lines with the
allele 3 of RMw513 (Fig. 2). It was obvious that combi-
nations between SSIIa-IF and RMw513 alleles explained
much more variation than a single marker, SSIIa-IF or
RMw513. Another example was the interaction between
PUP-4-F and SSIlIa-IF on PGWC. PUP-4-F was not asso-
ciated with PGWC, however the difference between
PUP-4-F genotypes was 8.0 and 15.77 % for the two
SSIla-IF genotypes in Pop2 (Additional file 2: Figure S2).
Therefore, further studies on interactions (epistasis)
between genes are needed to provide information on
designing efficient and effective pyramiding strategies for
exploiting the already well characterized genes/QTLs in
improving grain quality in rice.

Conclusion
GBSSI and SSIla were two major genes affecting AC and
GC. GBSSI and SSIla also affectted chalkiness formation
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in rice. SSI, SSIIIb and ISA2 were associated with AC.
AGPS1, AGPS2, APGL2, BEI, BElla, ISA1, SSIIb, SSIIc,
SSIlla and SSIVa did not affect any of the measured traits
in the present study. Only 10 markers for 12 genes/QTLs
related to grain shape or yield were found to be associated
with grain shape traits. Chalkiness was affected by starch
biosynthesising genes and genes related to grain shapes.
The validated markers for genes/QTLs with major effects
could be directly used in breeding for grain quality via
marker-assisted selection.

Methods

Plant Materials and Phenotyping for Grain Quality Traits
Three hundred and nine two advanced breeding lines or
released varieties were collected from many irrigated rice
breeding programs in different countries to represent
the diversity within the elite breeding gene pools for irri-
gated ecosystem (see Additional file 1: Table S1., Liang
et al. 2015). Majority of the lines were from IRRI (223).
The number of lines from PhilRice, CIAT, China and
Vietnam were more than ten. The rest of the lines were
from programs in Bangladesh, Colombia, Indonesia,
Nepal, Africa Rice Center, Egypt, Pakinstan, India,
Repubilic of Korea, Sri Lanka, Suriname, Turkey and so
on. Field experiments were performed at the experi-
mental farm of IRRI, Los Banos, Laguna, Philippines
(14°11'N, 121°15” E) during the 2012 dry (DS) and wet
(WS) seasons with 3 nitrogen rates. The nitrogen and
season combinations were designated as DSyo, DSnoos
DSxisos WSno» WSnas and WSyoo. Seeds were sown in
seedling nursery and 21-day-old seedlings were trans-
planted with single seedling per hill. Experiments were
laid out in row-column design with 2 replications. Each
plot consisted of 8 x 8 hills with a spacing distance of
0.2 x0.2 m. N in the form of urea was applied 3 times
in split; basal, 14 and 42 days after transplanting with
1:1:1 ratio during whole growing season. 40 kg P ha™*
and 40 kg K ha™' were also applied basally. Day to
heading (DTH) of this population was ranged from
85.76 to 91.47 and 89.48 to 90.48 days in DS and WS
respectively. DTH of more than 93 % lines were ranged
from 80 to 100 days. Due to photoperiod sensitivity, in-
sect or rat damage, some of the lines couldn’t give any
production in some environments. Three hundred and
eighty four lines were measured for 8 grain quality
traits. Nine lines were later confirmed to be japonica
and removed before data analysis. Finally, 375 lines
were used in this study. The number of lines used for
analysis for different traits varied slightly. HRY was de-
fined as the ratio of weight of head rice after milling
(Grains with length greater than or equal to % of its
total length) to weight of original paddy. PGWC was
determined manually using more than 100 grains of
polished head rice. DEC, GL and GW of polished grains
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were measured using a Cervitec Grain Inspector 1625
(Foss, Denmark). LWR was calculated based on the re-
corded grain length and width data. AC was measured
by the standard iodine colorimetry method described in
ISO 6647-2-2011.

Markers and Genotyping

Five sets of markers were used in this study. The first set
was 53 SSR markers distributed evenly on 12 chromo-
somes and used to infer structure of the population
(Additional file 1: Table S2). The second set was 63
markers located in 20 starch biosynthesizing genes in-
cluding AGPase (AGPLI, AGPL2, AGPS1 and AGPS2),
granule-bound starch synthase (GBSSI and GBSSII),
starch synthase (SSI, SSlla, SSIIb, SSlic, SSlila, SSIIIb,
S8IVa and SSIVD), starch branching enzyme (BEI, BElla
and BEIIb) and starch debranching enzyme (ISA1, ISA2
and PUL) (Additional file 1: Table S3). The third set
included 80 markers tightly linked to 41 fine mapped
QTLs/genes for grain shape, weight and panicle size
(Additional file 1: Table S4). The fourth set had 76
markers closely linked to 54 published QTLs/genes
related to chalkiness (Additional file 1: Table S5). The
fifth set 15 markers were selected to fill in the large gaps
(>5 Mb) between the above mentioned target markers
(Additional file 1: Table S6).

PCR amplification was conducted in a 10 pL reaction
mixture containing 50 ng template DNA, 0.5 pM of
each primer, 200 pM of each dNTP, 1.5 pM MgCl,,
0.1 % Triton X-100 and 1 U Taq polymerase and 1.0 pL
of 10x PCR buffer under the following program: 5 min
at 94 °C, followed by 30 cycles of 30 s at 94 °C, 30 s at
55 °C, and 45 s at 72 °C with a final extension of 5 min
at 72 °C. PCR products were separated on 6 % non-
denaturing polyacrylamide gels and observed by SYBR’
Safe staining method.

Statistical Analysis and Association Mapping

The population structure (Q) was detected using 53 well
amplified SSR markers using STRUCTURE 2.3.4 (Falush
et al. 2003; Pritchard et al. 2000). To infer the number of
groups, a fully Bayesian process described by Pritchard et
al. (2000) was run with different number of clusters (from
2 to 12) using admixture model. The optimum number of
subpopulations was selected by InP(d) (log posterior prob-
ability of data) after twenty independent runs of a burn-in
of 5,000 interactions followed by 100,000 Markov Chain
Monte Carlo (MCMC) repeats for each value of number
of subgroups (Evanno et al. 2005). Finally, four was the
best value of number of subpopulations. Subgroup of each
line was determined by the membership probability
(Pritchard et al. 2000). The membership probability of 212
lines was higher than 0.6 for one of the four subpopula-
tions. Only 16 lines had relatively lower (0.3 ~0.4)
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posterior probabilities for all the subpopulations. The
same set SSR markers was also used for calculating the
relative Kinship matrix (K) using TASSEL (Bradbury et al.
2007).

All trials were separately analyzed by fitting an appro-
priate spatial model with rows and columns using
PBTools (bbi.irri.org). The best linear unbiased estima-
tions (BLUE) from the best-fit model were used as raw
data for association analysis.

Haplotypes of 20 starch biosynthesizing genes were de-
termined based on all tested polymorphic loci (markers)
for each gene. For example, the SNPs of GBSSI-1-IF,
GBSSI-3-IF and GBSSI-4-IF are G/T, A/C and C/T, re-
spectively. Theoretically, there are 8 haplotypes of GBSSI
based on these three loci. Rare marker alleles or haplo-
types, occurring at a frequency less than 5 %, were ex-
cluded from association analysis. Finally, 147 markers plus
haplotypes of 15 starch biosynthesizing genes were used.
The QK model, a mixed linear model (MLM) adjusting
for both population structure and genetic relatedness
between genotypes, implemented by TASSEL was used
for association analysis. Positive false discovery rate
(g""%; q value) was calculated with the R package QVA-
LUE for multiple comparison correction using the
smoother method proposed by (Storey and Tibshirani,
2003). The associations between markers and the target
traits were declared as significant based on a cut-off
criteria of g"°® <0.05.

Additional files

Additional file 1: Table S1. Phenotypic data and subpopulation of
tested lines in this study. Table S2. Fifty three SSR markers for population
structure and kinship analysis. Table S3. Markers on starch systhesis
genes. Table S4. Mapped QTLs or cloned genes for grain shape and
yield components, marker information and references. Table S5. Mapped
QTLs or cloned genes for chalkiness or related components, marker
information and references. Table $6. Random selected markers for big
gaps on chromosomes. Table S7. Number of marker-trait associations
detected across 6 environments. Table S8. Effects of alleles of major
marker associated with each trait across 6 environments. (DOCX 186 kb)

Additional file 2: Figure S1. Distribution of markers used in this study
and identified significant marker-trait associations on chromosomes.
Figure S2. Effects of allele combinations between SSlla-IF and PUL-4-F
on PGWC. (DOCX 122 kb)

Abbreviations

AC: Amylose content; GC: Gel consistency; GL: Grain length; GW: Grain width;
LWR: The ratio of grain length and width; DEC: Degree of endosperm
chalkiness; PGWC: Percentage of grain with chalkiness; HRY: Head rice yield;
DS: Dry season; WS: Wet season.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

XZ, LZ and KP did genotyping and phenotyping. XZ did data analysis and
wrote this manuscript. GY designed the experiment and edited the
manuscript. All authors read and approved the final manuscript.


http://bbi.irri.org
http://www.thericejournal.com/content/supplementary/s12284-015-0064-3-s1.docx
http://www.thericejournal.com/content/supplementary/s12284-015-0064-3-s2.docx

Zhao et al. Rice (2015) 8:29

Authors’ information

XZ is population improvement scientist of International Rice Research
Institute (IRRI). LZ is a PhD scholar of IRRI. KP is a researcher of IRRI. GY is
scientist of biometrics and breeding informatics at IRRI.

Author details

'Plant Breeding, Genetics and Biotechnology Division, International Rice
Research Institute (IRRI), Los Bafos, Laguna, Philippines. Present address:
Longping Branch, Graduate School of Central South University, Changsha
410125, Hunan, China.

Received: 2 July 2015 Accepted: 5 September 2015
Published online: 21 September 2015

References

Adu-Kwarteng E, Ellis W, Oduro I, Manful J (2003) Rice grain quality: a comparison
of local varieties with new varieties under study in Ghana. Food Control
14:507-514

Bai X, Luo L, Yan W, Kovi MR, Zhan W, Xing Y (2010) Genetic dissection of rice
grain shape using a recombinant inbred line population derived from two
contrasting parents and fine mapping a pleiotropic quantitative trait locus
qGL7. BMC Genet 11:16

Bao J, Corke H, Sun M (2006) Nucleotide diversity in starch synthase lla and
validation of single nucleotide polymorphisms in relation to starch
gelatinization temperature and other physicochemical properties in rice
(Oryza sativa L). Theor Appl Genet 113:1171-1183

Bradbury PJ, Zhang Z, Kroon DE, Casstevens TM, Ramdoss Y, Buckler ES (2007)
TASSEL: software for association mapping of complex traits in diverse
samples. Bioinformatics 23:2633-2635

Cai XL, Wang ZY, Xing YY, Zhang JL, Hong MM (1998) Aberrant splicing of intron
1 leads to the heterogeneous 5" UTR and decreased expression of waxy
gene in rice cultivars of intermediate amylose content. Plant J 14:459-465

Calingacion M, Laborte A, Nelson A, Resurreccion A, Concepcion JC, Daygon VD,
Mumm R, Reinke R, Dipti S, Bassinello PZ, Manful J, Sophany S, Lara KC, Bao J,
Xie L, Loaiza K, El-hissewy A, Gayin J, Sharma N, Rajeswari S, Manonmani S,
Rani NS, Kota S, Indrasari SD, Habibi F, Hosseini M, Tavasoli F, Suzuki K,
Umemoto T, Boualaphanh C, Lee HH, Hung YP, Ramli A, Aung PP, Ahmad R,
Wattoo JI, Bandonill E, Romero M, Brites CM, Hafeel R, Lur H-S, Cheaupun K,
Jongdee S, Blanco P, Bryant R, Thi Lang N, Hall RD, Fitzgerald M (2014)
Diversity of global rice markets and the science required for consumer-
targeted rice breeding. PLoS One 9, e85106

Chen M-H, Bergman C, Pinson S, Fjellstrom R (2008) Waxy gene haplotypes:
associations with apparent amylose content and the effect by the
environment in an international rice germplasm collection. J Cereal Sci
47:536-545

Cuevas RP, Daygon VD, Corpuz HM, Nora L, Reinke RF, Waters DL, Fitzgerald MA
(2010) Melting the secrets of gelatinisation temperature in rice. Funct Plant
Biol 37:439-447

Ebitani T, Yamamoto Y, Yano M, Funane M (2005) Analysis of quantitative trait
loci for grain appearance, Kasalath alleles increase ratio of whole grains
against Koshihikari, in rice. Jpn J Crop Sci 74:290-291

Evanno G, Regnaut S, Goudet J (2005) Detecting the number of clusters of
individuals using the software STRUCTURE: a simulation study. Mol Ecol
14:2611-2620

Falush D, Stephens M, Pritchard JK (2003) Inference of population structure using
multilocus genotype data: linked loci and correlated allele frequencies.
Genetics 164:1567-1587

Fan C, Xing Y, Mao H, Lu T, Han B, Xu C, Li X, Zhang Q (2006) GS3, a major QTL
for grain length and weight and minor QTL for grain width and thickness in
rice, encodes a putative transmembrane protein. Theor Appl Genet
112:1164-1171

Fitzgerald MA, McCouch SR, Hall RD (2009) Not just a grain of rice: the quest for
quality. Trends Plant Sci 14:133-139

Fujita N, Yoshida M, Kondo T, Saito K, Utsumi Y, Tokunaga T, Nishi A, Satoh H,
Park J-H, Jane J-L (2007) Characterization of SSllla-deficient mutants of rice:
the function of SSila and pleiotropic effects by SSllla deficiency in the rice
endosperm. Plant Physiol 144:2009-2023

Guo T, Liu X, Wan X, Weng J, Liu S, Liu X, Chen M, Li J, Su N, Wu F, Cheng Z,
Guo X, Lei C, Wang J, Jiang L, Wan J (2011) Identification of a stable
quantitative trait locus for percentage grains with white chalkiness in rice
(Oryza sativa L.). J Integr Plant Biol 53:598-607

Page 12 of 13

Hirose T, Terao T (2004) A comprehensive expression analysis of the starch
synthase gene family in rice (Oryza sativa L.). Planta 220:9-16

Huang X, Wei X, Sang T, Zhao Q, Feng Q, Zhao Y, Li C, Zhu C, Lu T, Zhang Z,
Li M, Fan D, Guo Y, Wang A, Wang L, Deng L, Li W, Lu Y, Weng Q, Liu K,
Huang T, Zhou T, Jing Y, Li W, Lin Z, Buckler ES, Qian Q, Zhang Q, Li J,
Han B (2010) Genome-wide association studies of 14 agronomic traits in rice
landraces. Nat Genet 42:961-967

Huang X, Yang S, Gong J, Zhao Y, Feng Q, Gong H, Li W, Zhan Q, Cheng B, Xia J,
Chen N, Hao Z, Liu K, Zhu C, Huang T, Zhao Q, Zhang L, Fan D, Zhou C, Lu Y,
Weng Q, Wang Z, Li J, Han B (2015) Genomic analysis of hybrid rice varieties reveals
numerous superior alleles that contribute to heterosis. Nat Commun 6:6258

Kawagoe Y, Kubo A, Satoh H, Takaiwa F, Nakamura Y (2005) Roles of isoamylase
and ADP-glucose pyrophosphorylase in starch granule synthesis in rice
endosperm. Plant J 42:164-174

Kharabian-Masouleh A, Waters DL, Reinke RF, Ward R, Henry RJ (2012) SNP in
starch biosynthesis genes associated with nutritional and functional
properties of rice. Sci Rep 2:557

Leesawatwong M, Jamjod S, Kuo J, Dell B, Rerkasem B (2005) Nitrogen fertilizer
increases seed protein and milling quality of rice. Cereal Chem 82:588-593

Li'Y, Fan C, Xing Y, Jiang Y, Luo L, Sun L, Shao D, Xu C, Li X, Xiao J, He Y, Zhang
Q (2011) Natural variation in GS5 plays an important role in regulating grain
size and yield in rice. Nat Genet 43:1266-1269

Li'y,Fan C, Xing Y, Yun P, Luo L, Yan B, Peng B, Xie W, Wang G, Li X, Xiao J, Xu C,
He Y (2014) Chalk5 encodes a vacuolar H'-translocating pyrophosphatase
influencing grain chalkiness in rice. Nat Genet 46:398-404

Liang S, Ren G, Liu J, Zhao X, Zhou M, McNeil D, Ye G (2015) Genotype-by-
environment interaction is important for grain yield in irrigated lowland rice.
Field Crops Res 180:90-99

Lisle AJ, Martin M, Fitzgerald MA (2000) Chalky and translucent rice grains differ
in starch composition and structure and cooking properties. Cereal Chem
77:627-632

Nakamura Y (2002) Towards a better understanding of the metabolic system for
amylopectin biosynthesis in plants: rice endosperm as a model tissue.
Plant Cell Physiol 43:718-725

Ning H, Liu Z, Wang Q, Lin Z, Chen S, Li G, Wang S, Ding Y (2009) Effect of nitrogen
fertilizer application on grain phytic acid and protein concentrations in japonica
rice and its variations with genotypes. J Cereal Sci 5049-55

Nishi A, Nakamura Y, Tanaka N, Satoh H (2001) Biochemical and genetic analysis
of the effects of amylose-extender mutation in rice endosperm. Plant Physiol
127:459-472

Ohdan T, Francisco PB, Sawada T, Hirose T, Terao T, Satoh H, Nakamura Y (2005)
Expression profiling of genes involved in starch synthesis in sink and source
organs of rice. J Exp Bot 56:3229-3244

Ong MH, Blanshard JMV (1995) Texture determinants in cooked, parboiled rice.
I: rice starch amylose and the fine structure of amylopectin. J Cereal Sci
21:251-260

Patindol J, Wang Y-J (2003) Fine structures and physicochemical properties of
starches from chalky and translucent rice kernels. J Agr Food Chem
51:2777-2784

Peng B, Wang L, Fan C, Jiang G, Luo L, Li Y, He Y (2014) Comparative mapping of
chalkiness components in rice using five populations across two
environments. BMC Genet 15:49

Perez CM, Juliano BO, Liboon SP, Alcantara JM, Cassman KG (1996) Effects of late
nitrogen fertilizer application on head rice yield, protein content, and grain
quality of rice. Cereal Chem 73:556-560

Pritchard JK, Stephens M, Donnelly P (2000) Inference of population structure
using multilocus genotype data. Genetics 155:945-959

Qiao J, Liu Z Deng S, Ning H, Yang X, Lin Z, Li G, Wang Q, Wang S, Ding Y (2011)
Occurrence of perfect and imperfect grains of six japonica rice cultivars as
affected by nitrogen fertilization. Plant Soil 349:191-202

Raju G, Srinivas T (1991) Effect on physical, physiological, and chemical factors on
the expression of chalkiness in rice. Cereal Chem 68:210-211

Shao G, Tang S, Luo J, Jiao G, Wei X, Tang A, Wu J, Zhuang J, Hu P (2010)
Mapping of gGL7-2, a grain length QTL on chromosome 7 of rice.
J Genet Genom 37:523-531

Song X-J, Huang W, Shi M, Zhu M-Z, Lin H-X (2007) A QTL for rice grain width
and weight encodes a previously unknown RING-type E3 ubiquitin ligase.
Nat Genet 39:623-630

Sreenivasulu N, Butardo VM, Misra G, Cuevas RP, Anacleto R, Kishor PBK (2015)
Designing climate-resilient rice with ideal grain quality suited for
high-temperature stress. J Exp Bot 66:eru544



Zhao et al. Rice (2015) 8:29

Storey JS, Tibshirani R (2003) SAM thresholding and false discovery rates for
detecting differential gene expression in DNA microarrays. In: Parmigiani G,
Garrett ES, Irizarry RA, Zeger SL (eds) The analysis of gene expression data:
methods and software. Springer, New York, pp 272-290

Tan YF, Xing YZ, Li JX, Yu SB, Xu CG, Zhang Q (2000) Genetic bases of
appearance quality of rice grains in Shanyou 63, an elite rice hybrid.

Theor Appl Genet 101:823-829

Terao T, Chiba M, Hirose T, Matsumura O (2004) Quantitative trait loci for the
quality of brown rice and their interaction to environmental factors.
Jpn J Crop Sci 73.96-97

Tian Z, Qian Q, Liu Q, Yan M, Liu X, Yan C, Liu G, Gao Z, Tang S, Zeng D, Wang Y,
Yu J, Gu M, Li J (2009) Allelic diversities in rice starch biosynthesis lead to a
diverse array of rice eating and cooking qualities. Proc Natl Acad Sci
106:21760-21765

Tran N, Daygon V, Resurreccion A, Cuevas R, Corpuz H, Fitzgerald M (2011)

A single nucleotide polymorphism in the Waxy gene explains a significant
component of gel consistency. Theor Appl Genet 123:519-525

Umemoto T, Aoki N (2005) Single-nucleotide polymorphisms in rice starch
synthase lla that alter starch gelatinisation and starch association of the
enzyme. Funct Plant Biol 32:763-768

Umemoto T, Yano M, Satoh H, Shomura A, Nakamura Y (2002) Mapping of a
gene responsible for the difference in amylopectin structure between
Jjaponica-type and indica-type rice varieties. Theor Appl Genet 104:1-8

van de Wal M, D'Hulst C, Vincken J-P, Buléon A, Visser R, Ball S (1998) Amylose
is synthesized in vitro by extension of and cleavage from amylopectin.

J Biol Chem 273:22232-22240

Vandeputte G, Delcour J (2004) From sucrose to starch granule to starch physical
behaviour: a focus on rice starch. Carbohyd Polym 58:245-266

Wan XY, Wan JM, Weng JF, Jiang L, Bi JC, Wang CM, Zhai HQ (2005) Stability of
QTLs for rice grain dimension and endosperm chalkiness characteristics
across eight environments. Theor Appl Genet 110:1334-1346

Wan X, Weng J, Zhai H, Wang J, Lei C, Liu X, Guo T, Jiang L, Su N, Wan J (2008)
Quantitative Trait Loci (QTL) analysis for rice grain width and fine mapping of
an identified QTL allele gw-5 in a recombination hotspot region on
chromosome 5. Genetics 179:2239-2252

Wang E, Wang J, Zhu X, Hao W, Wang L, Li Q, Zhang L, He W, Lu B, Lin H (2008)
Control of rice grainfilling and yield by a gene with a potential signature of
domestication. Nat Genet 40:1370-1374

Wang C, Chen S, Yu S (2011) Functional markers developed from multiple loci in
GS3 for fine marker-assisted selection of grain length in rice. Theor Appl
Genet 122:905-913

Weng J, Gu S, Wan X, Gao H, Guo T, Su N, Lei C, Zhang X, Cheng Z, Guo X (2008)
Isolation and initial characterization of GW5, a major QTL associated with rice
grain width and weight. Cell Res 18:1199-1209

Xu Z, Chen W, Ma D, Lu Y, Zhou S, Liu L (2004) Correlations between rice grain
shapes and main qualitative characteristics. Acta Agron Sin 30:894-900

Xu F, Zhang G, Tong C, Sun X, Corke H, Sun M, Bao J (2013) Association mapping
of starch physicochemical properties with starch biosynthesizing genes in
waxy rice (Oryza sativa L.). J Agric Food Chem 61:10110-10117

Yamakawa H, Hirose T, Kuroda M, Yamaguchi T (2007) Comprehensive expression
profiling of rice grain filling-related genes under high temperature using
DNA microarray. Plant Physiol 144:258-277

Yang F, Chen Y, Tong C, Huang Y, Xu F, Li K, Corke H, Sun M, Bao J (2014)
Association mapping of starch physicochemical properties with starch
synthesis-related gene markers in nonwaxy rice (Oryza sativa L.).

Mol Breed 34:1-17

Ye G, Smith KF (2010) Marker-assisted gene pyramiding for cultivar development.
Plant Breed Rev 33:219-256

Zhang G, Cheng Z, Zhang X, Guo X, Su N, Jiang L, Mao L, Wan J (2011) Double
repression of soluble starch synthase genes SSlla and SSllla in rice (Oryza
sativa L) uncovers interactive effects on the physicochemical properties of
starch. Genome 54:448-459

Zhao X, Fitzgerald M (2013) Climate change: implications for the yield of edible
rice. PLoS One 8, e66218

Page 13 of 13

Zhao K, Wright M, Kimball J, Eizenga G, McClung A, Kovach M, Tyagi W, Ali ML,
Tung C-W, Reynolds A (2010) Genomic diversity and introgression in
O. sativa reveal the impact of domestication and breeding on the rice
genome. PLoS One 5, 10780

Zhou L, Chen L, Jiang L, Zhang W, Liu L, Liu X, Zhao Z, Liu S, Zhang L, Wang J,
Wan J (2009) Fine mapping of the grain chalkiness QTL gPGWC-7 in rice
(Oryza sativa L.). Theor Appl Genet 118:581-590

Zhou L, Liang S, Ponce K, Marundon S, Ye G, Zhao X (2015a) Factors affecting
head rice yield and chalkiness in indica rice. Field Crops Res 172:1-10

Zhou L, Sheng W, Wu J, Deng Q, Zhao X (2015b) Analysis on grain quality traits
of the national authorized indica hybrid rice varieties during 2003 ~ 2013.
Hybrid Rice 30:76-80

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Immediate publication on acceptance

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Variation of Grain Quality Traits
	Number of Markers Associated to Grain Quality Traits
	Markers Associated with AC and GC
	Markers Associated with Grain Shapes
	Markers Associated with Chalkiness and HRY
	Association Mapping using Haplotypes of the Starch Biosynthesizing Genes
	Allelic Effects

	Discussion
	Conclusion
	Methods
	Plant Materials and Phenotyping for Grain Quality Traits
	Markers and Genotyping
	Statistical Analysis and Association Mapping

	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Authors’ information
	Author details
	References



